The surface of oxidant crystals facilitates the simultaneous synthesis and morphogenesis of conductive polymer materials. Oxidant crystals as a condensed phase of the oxidative agent induce the formation of the conductive polymer nanoparticles and their accumulated films.
Morphology control of materials plays an important role in tuning of their properties.
1 In general, it is not easy to achieve simultaneous synthesis and hierarchical morphogenesis of conductive polymers because of their insolubility and low processability. Herein we report on the direct synthesis and morphology control of conductive polymers on the surface of inorganic oxidant crystals with diffusion of monomer vapors, such as pyrrole (Py), thiophene (Tp), and aniline (Ani) derivatives. Morphologies of crystalline inorganic materials are controlled by tuning of synthetic conditions for reaction and crystal growth. 2,3 Rationally designed organic molecules form self-organized functional materials. 4 However, morphology control of conductive polymers in multiple length scales is not fully studied in previous reports. In general, templates are used for morphogenesis of materials, such as conductive polymers. 5-9 Self-assembled molecules serve as templates for generation of complex shapes in a nanometer scale. 7 Porous materials mediate morphology replication from the original materials to polymers through infiltration and polymerization of monomers in the pore space. 8 In our previous reports, 9 the hierarchical morphologies consisting of the oriented unit nanocrystals, as observed in biominerals, were replicated to conductive polymers through polymerization in the nanoscale interspace between the unit crystals. Although templates facilitate generation of a variety of shapes, morphology variety of the replicated materials is limited to that of the original templates. Our challenge here is to develop a new approach for the simultaneous synthesis and hierarchical morphogenesis of conductive polymers. Polyolefine for practical uses, such as polyethylene and polypropylene, is produced from monomer vapors on the solid surface of the catalyst powder. 10 In the present work, inspired by the method, oxidative polymerization of heteroaromatic monomers is performed on the surface of oxidant crystals with supply of monomer vapors (Fig. 1) . Vapor-phase polymerization is studied in a couple of systems. [11] [12] [13] [14] [15] [16] In the current study, the surface of the oxidant crystals is used for polymerization of the monomers supplied from the vapor phase. The conductive polymers are directly synthesized and grown on the crystal surface. In general, both monomers and oxidative agents are supplied from the dilute phases, such as vapor and solution. [11] [12] [13] [14] [15] [16] [17] In the current study, the oxidant crystals as the condensed phase supply the oxidative agents with high density and rate on the solid surface. The oxidative agents are continuously supplied to the monomers adsorbed on the surface of the oxidant crystals during polymerization. Therefore, the simultaneous multiple formation of the polymer nanoparticles and their subsequent growth are achieved on the surface of the oxidant crystals. In previous studies, monomer vapors are used for the preparation of conductive polymers, such as vapor phase polymerization and oxidative chemical vapor deposition methods. [13] [14] [15] In the vaporphase polymerization method, 14 the polymerization of heteroaromatic monomers proceeds in polymer matrices containing oxidative agents by diffusion of monomer vapors. As for oxidative chemical vapor deposition, 15 both vapors of monomers and sublimated oxidative agents produce conductive polymers on substrates under vacuum conditions at high temperature. In our recent report, 16 coating and morphogenesis of conductive polymers were achieved on a variety of substrates and substances through spontaneous generation of the activated monomers in the vapor phase under low temperature and ambient pressure. In these vapor polymerization methods, substrates and substances serve as the deposition sites. The dense and flat films of conductive polymers are obtained on substrates. It is not easy to achieve the formation of the hierarchical structures without the use of the templates by these previous methods. In general, functional organic materials are assembled on the solid surface, such as the layer-by-layer assembly technique.
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In the present work, the solid surface induces the spontaneous formation and growth of conductive polymers. Our intention here is the spontaneous formation of hierarchical structures by combinations of vaporized monomers and solid oxidants. In the present work, the inorganic crystals were used as both a substrate and oxidative agent for polymerization ( Fig. 1 ). The vapors of monomers, such as Ani, Py, and Tp, were supplied to the surface of solid oxidant crystals under low temperature and ambient pressure. On the surface, the oxidative polymerization of the heteroaromatic monomers generated the nanoparticles and their accumulated architectures of conductive polymers. When the oxidant crystals with the sponge morphology were used, the resultant conductive polymer shows the sponge morphology with the hierarchical structures. The hierarchical structures contributed the improvement of the electrochemical properties. The present study shows the potential of a generalizable approach for simultaneous synthesis and morphogenesis of conductive polymers by using solid crystal surfaces. Fig. 2 shows the synthesis and morphogenesis of polyaniline (PAni) on the surface of polyhedral copper nitrate trihydrate (Cu(NO 3 ) 2 Á3H 2 O) crystals upon exposure of Ani vapor at 60 1C under ambient pressure. ‡ Two small glass vessels each containing neat liquid of Ani and oxidant crystals of Cu(NO 3 ) 2 Á3H 2 O were put in a large sample bottle (Fig. 1a) . The sealed sample bottle was maintained at 60 1C under ambient pressure for 15 min to 48 h. The detailed methods are described in the ESI. † The color of Cu(NO 3 ) 2 Á3H 2 O crystals was gradually changed from blue to black with an increase in the reaction time ( Fig. 2a-d ). In the early stage, the nanoparticles less than 100 nm in size were obtained on the surface of the oxidant crystals (Fig. 2e) . The films consisting of the connected and accumulated nanoparticles were formed with an increase in the reaction time after 2 h ( Fig. 2f and g ). The size of the nanoparticles and the thickness of the films were increased up to ca. 100 nm and 6 mm after 48 h, respectively (Fig. 2h) . The films were isolated by dissolution of the inorganic salts with immersion in 1 mol dm À3 hydrochloric acid (HCl). The resultant polymers were assigned to PAni by Fourier-transform infrared (FT-IR) absorption spectroscopy (Fig. 2i) . 19 The resultant PAni was the emeraldine salt containing about 3 wt% of the remaining copper-related compounds. (Fig. S1 in the ESI †). The production amount of PAni on the Cu(NO 3 ) 2 Á3H 2 O surface is estimated to be 0.604 mg cm À2 on the assumption that the closely-packed nanoparticles provide the film 6 mm thickness for 48 h of the reaction (Fig. 2h) . The estimation suggests that an increase in the specific surface area of the oxidant crystals facilitates the improvement of the productivity. In addition, the scale up can be achieved by enlargement of the batch as shown in Fig. 1a .
The present method provides not the dense flat films but the nanoparticles and their accumulated films (Fig. 2e-g ). The polymerization was initiated by adsorption of the Ani monomers on the surface of Cu(NO 3 ) 2 Á3H 2 O crystals. The polymerization of Ani proceeds at the surface through reduction of the divalent copper ions to the monovalent ones (Fig. S2 in the ESI †) . The PAni nanoparticles are formed and grown on the surface (Fig. 2e) . The monomer vapor is diffused to the underlying fresh surface displaying divalent copper ions through the interspace of the nanoparticles. The subsequent PAni nanoparticles are formed on the underlying surface. The formation and growth of the nanoparticles proceed into the inside of the oxidant crystals. In this way, the nanoparticles and their accumulated films are obtained with an increase in the reaction time. The oxidant crystals as the condensed phase of the oxidative agent play important roles for the present scheme. The oxidative agents can be continuously supplied to the monomers with high density and rate to the monomers on the surface. This approach has potential for application in a variety of polymerization reactions by using the crystal surfaces.
The combinations of the monomers and oxidant crystals were changed for application of the present approach (Table 1) . 
(f and g) FESEM images of the PAni films consisting of accumulated nanoparticles after the reaction for 16 h. (h) Time dependent changes of the particle sizes (the circles) and the film thickness (the squares). (i) FT-IR spectrum of the resultant PAni after the reaction of 40 h. The absorption bands (A-F) correspond to the following characteristic vibrations in PAni:
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The conductive polymers were obtained from the monomers of Tp, 3,4-ethylenedioxythiophene (EDOT), 3-hexylthiophene (3HT), and Py on the crystal surface of the oxidants (Fig. S3 in the ESI †) . The resultant polymers, such as polythiophene (PTp), poly(3,4-ethylenedioxythiophene) (PEDOT), poly(3-hexylthiophene) (P3HT), and polypyrrole (PPy), showed the similar morphology variation from the nanoparticles to their accumulated films as observed in PAni (Fig. S4 in the ESI †). In Table 1 , whether or not the conductive polymers are formed is ascribed to the nature of the monomers and oxidant crystals. The resonance stability and electron density of the monomers involve the reactivity. The polymerization reaction is promoted by the monomers with the lower resonance stability. For example, the resonance stabilization energies of Py and Tp are reported to be 90.4 kJ mol À1 and 122 kJ mol
À1
, respectively. 20 In the present work, Py with the lower resonance stability is polymerized on the surface of all the oxidant crystals (Table 1) , while Tp with the higher resonance stability is polymerized only on the crystal surface of iron(III) chloride (FeCl 3 ) and copper bromide (CuBr 2 ). In addition, substituents of the heteroaromatic monomers vary in the electron density of the ring relevant to the reactivity of oxidative polymerization. These factors including resonance stability and electron density can be represented by the oxidation potentials of the monomers. Vapor pressure of the monomers is another factor related to the reaction rate. The nature of the oxidant crystals also involves the reactivity. The metal cations of the oxidant crystals are reduced with polymerization ( Fig. S2 in the ESI †). As for the oxidant crystals, the reduction potential higher than the oxidation potential of the monomers is required to facilitate the present scheme. The stability of the reduced species and hydration states of the crystals have influences on the reactivity. The improved electrochemical properties were observed on the conductive polymers by morphology control based on the present method (Fig. 3) . Conductive polymers are applied to a supercapacitor with redox reactions. 21 The morphology control contributes to the improvement of the electrochemical properties. 22 As shown in Fig. 2f and g, the films consisting of the accumulated nanoparticles were obtained on the polyhedral crystals of the oxidative agent. If the macroscopic morphologies of oxidant crystals are tuned before polymerization, the macroscopic morphologies of the conductive polymers can be controlled. As a simple model, the micrometer-scale sponge morphology of copper sulfate pentahydrate (CuSO 4 Á5H 2 O) crystals was prepared by freeze drying (Fig. 3a) . The present method is applied to the surface of the oxidant crystals with complex morphologies in a micrometer scale. The freeze-dried CuSO 4 Á5H 2 O crystal was used as a substrate for the synthesis of PPy. The PPy architecture was obtained after dissolution of the copper related compounds by HCl. The sponge morphology of the original CuSO 4 Á5H 2 O crystal was replicated to PPy (Fig. 3b) . The assembly of films made up the sponge shape with the pores several micrometers in size (Fig. 3b) . The films consisted of the accumulated nanoparticles less than 100 nm in size (Fig. 3c) . The hierarchical structures showed the improved properties of a supercapacitor (Fig. 3d-f) . As a reference, the similar PPy films consisting of the nanoparticles without the micrometer-scale sponge shape were prepared on the surface of polyhedral CuSO 4 Á5H 2 O crystals (Fig. S5 in the ESI †) . A commercial fibrous PPy with submicrometer width was used as a reference sample (Fig. S5 in the ESI †). The working electrodes were prepared by mixing 80 wt% PPy samples, 10 wt% acetylene black, and 10 wt% poly(vinylidene fluoride) (PVDF). The electrochemical properties of a supercapacitor were investigated over the potential range of À0.2 to 0.6 V vs. Ag/ AgCl by chronopotentiometry in an aqueous solution containing 1 mol dm À3 potassium chloride. The chronopotentiograms show the linear changes of the potential during the charge and discharge processes at the current density of 1 A g À1 and 10 A g À1 ( Fig. 3d and e) .
The electrochemical behavior suggests that the PPy samples serve as a supercapacitor. The specific capacitances were 156 F g À1 for 
a ''+'' the conductive polymers were obtained. b ''À''no deposition was observed on the crystal surface.
c '' †'' the products were not polymers. (f) Relationship between the current density and specific capacitance of the PPy sponge with the hierarchical structures (circles), films consisting of the nanoparticles (triangles), and commercial fibers (squares).
the PPy sponge with the hierarchical structure, 98.8 F g À1 for the films consisting of accumulated nanoparticles, and 44.8 F g À1 for the commercial fibers at the current density of 1 A g À1 (Fig. 3d ).
When the current density was changed from 1 A g À1 to 10 A g À1 , the PPy sponge with hierarchical structures showed improved specific capacitance compared to the other reference samples (Fig. 3f and Fig. S6 in the ESI †). Since the films consisting of the nanoparticles show the higher specific surface area than the commercial fibers, the specific capacitance of the films is higher than that of the fibers. Furthermore, the macroscopic sponge morphology inhibits the aggregation of the films. The smooth diffusion of the electrolytes was achieved on the PPy surface during the redox reaction. Therefore, the PPy sponge with the hierarchical structures showed improved electrochemical properties.
In summary, conductive polymers, such as PAni, PTp, PEDOT, P3HT, and PPy, were synthesized on the surface of the oxidant crystals with diffusion of the monomer vapors under low temperature and ambient pressure. The nanoparticles and their accumulated films were obtained on the surface with changes in the reaction time. Since the solid surface of the oxidant crystals supplies the oxidative agents to the monomers with high density and rate, the simultaneous syntheses and morphogeneses are achieved on the surface. When morphologies of the oxidant crystals were controlled, the hierarchical morphologies of the conductive polymers were tuned. The porous oxidant crystals generated the porous conductive polymers with the hierarchical structures. The improved electrochemical properties were observed on the hierarchically organized conductive polymers. The present concepts can be applied to the synthesis and morphogenesis of a variety of polymer materials by using the solid surface.
This Notes and references ‡ The polymerization reaction proceeds at room temperature. In the present work, temperature is increased to promote the reaction with an increase in the vapor pressure.
